curve (MEFV), with still substantial expiratory reserve volume available. In contrast, during SI and HW in females and during all types of phonation in males, chest wall end-expiratory volume of the last expiration was well to the right of the MEFV curve and associated with respiratory discomfort. Gender had a greater importance than physical characteristics in determining more costal breathing in females than in males under all conditions studied. Conclusions: Phonation imposes more abdominal breathing pattern changes in males and costal changes in females. Expiratory flow encroaches upon the MEFV curve with higher phonatory efforts and respiratory discomfort.
Introduction
The pattern of breathing during speech consists of long expiration at a low flow rate and flow reserve and quick interspersed inspiration [1, 2] . Phonation imposes a more complex organization, recruitment of and burden on expiratory muscles [1] . Physical characteristics dictate the contribution of chest wall compartments (i.e. upper rib cage, lower rib cage and abdomen) to the difference in expired volume in healthy male and female subjects [2] .
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Abstract Background: Breathing pattern description and chest wall kinematics during phonation have not been studied in male and female patients with chronic obstructive pulmonary disease. Objectives: We used optoelectronic plethysmography to provide a quantitative description of breathing pattern and chest wall kinematics. Methods: Volumes of chest wall compartments (rib cage and abdomen) were assessed in 15 patients while reading aloud (R), singing (SI) and during high-effort whispering (HW). Results: Relative to quiet breathing, tidal volume and expiratory time increased while inspiratory time decreased. The expiratory flow decreased during R and SI, but was unchanged during HW. In males, the end-expiratory volume decreased as a result of a decreased volume of rib cage during R, SI and HW and due to a decreased volume of abdomen during HW. In females, a decrease in end-expiratory volume was accomplished by a decrease in abdominal volume during R and HW. During R, the chest wall end-expiratory volume of the last expiration in females was to the left of the maximal expiratory flow volume
The assessment of ventilatory constraints and related sensory perceptions during speech activities may provide relevant measurement criteria for patients with limited physical activities who use oral communication for most social activities [3] .
The chest wall plays a central role in maintaining ventilation. However, to the best of our knowledge, breathing pattern description and chest wall kinematics during phonation have not been studied in male and female patients with chronic obstructive pulmonary disease (COPD). Whether physical characteristics or gender per se dictate the breathing patterns during phonation in these patients has yet to be defined. The hyperinflation of the rib cage and abdomen in tandem represents the mechanical constraints to volume displacement in these patients [4] . However, deflationary activity of the abdominal compartment might not be able to reduce constraints on chest wall expiratory volume displacement if the rib cage is being dynamically hyperinflated. In turn, chest wall compartments can contribute in varying ways to expiration in these patients.
We are well aware that no data have been published on gender differences on chest wall hyperinflation in patients with COPD. However, data from our laboratory suggest a prevailing contribution of the rib cage to chest wall hyperinflation in female patients. On this basis, we hypothesized that, unlike data in healthy subjects, gender rather than physical characteristics dictates the pattern of breathing during phonation in patients with COPD.
The main aims of this study were to assess whether different chest wall characteristics are associated with different phonation in patients with COPD. To achieve this aim, we have used optoelectronic plethysmography (OEP) to assess breathing during three types of phonation: reading aloud (R), singing (SI) and high-effort whispering (HW) which requires greater flows and volume excursion than normal reading or singing.
Material and Methods

Study Design
All patients were well acquainted with the experimental protocol and equipment used. They were tested in the morning after lung function measurements. All optoelectronic measurements of chest wall motion were made with patients sitting upright in a comfortable armchair. The measurements were made initially during quiet breathing (QB) and then during R, SI and HW. The QB signals were recorded over a 3-min period after a 10-min period of adaptation to equipment. The chosen phonatory task was reading, singing or whispering the first two strophes of the Italian version of the popular Christmas carol 'O Christmas Tree', which consists of 4 verses and 127 syllables. The number of syllables per verse was relatively constant, ranging from 14 to 17. All patients were familiar with the song. Each patient listened to the verses once and then repeated each phonatory task three times. The last performance was chosen for each analysis. Each patient read aloud at his or her own chosen intensity level, while HW was performed with the highest possible effort. Singing was standardized in rhythm and tonality by making the experimental patients sing together. Reading, singing and whispering were linguistically constrained because the same words were used during these activities.
During QB and the various phonatory tasks, volume and time components of the breathing pattern were assessed, as previously described [2] . 464 or amateur singer nor had received voice training. On the day of testing, they were free from allergies, infections or colds. The study was approved by the local ethics committee and the subjects gave their informed consent.
Methods
Routine spirometry was measured according to the American Thoracic Society/European Respiratory Society guidelines [5] . FRC was measured with a body plethysmograph (Autobox DL 6200; SensorMedics, Yorba Linda, Calif., USA), according to a standardized procedure [6] . The normal values for lung function were those of the European Community for Coal and Steel [7] . The anthropometric and lung function data of the patients are given in table 1 .
Measurements obtained with OEP have been previously described in detail and validated [8] [9] [10] [11] . In brief, the coordinates of 89 markers were tracked by six infrared charge-coupled TV cameras (three cameras were 4 m in front of and three were 4 m behind the subject) at a sampling rate of 60 Hz ( fig. 1 ). Starting from the marker co-ordinates, the thoracoabdominal volumes were computed by triangulating the surface.
Analysis
OEP calculates absolute volumes, and those of each compartment at FRC in control conditions were considered the reference volume. Volumes are reported as absolute values and as changes from the volume at FRC in control conditions. The chest wall volume (Vcw) was modeled as the sum of the volume of the rib cage apposed to the lung (Vrc,p), the volume of the rib cage apposed to the abdomen (Vrc,a) and the abdominal volume (Vab). Expiratory time (T E ) was the main outcome of the study. Post hoc statistical power was >90% for all the three experimental conditions (96, 98 and 99% for HW vs. QB, R vs. QB and SI vs. QB, respectively).
Values are means ± SD unless otherwise specified. A nonparametric statistical procedure was used to test gender differences (Mann-Whitney test). The breathing patterns during the various study conditions were compared using two-way ANOVA. The Duncan test was used for multiple comparisons. The level of significance was set at p ≤ 0.05. All statistical procedures were carried out using the Statgraphics Plus 5.1 statistical package (Statistical Graphics Corp., USA).
Results
The study was carried out from January 2010 to January 2012. Figure 2 shows the changes in Vcw during R, SI and HW in a representative patient. In all instances, the breaths consisted of a rapid inspiration with a slower expiration performed with essentially constant flow. Since the expired tidal volumes (VT E ) were generally greater than the inspired tidal volumes (VT I ), the end-expiratory Vcw (Vcw,ee) decreased progressively during each phonetic sequence. The end-inspiratory Vcw (Vcw,ei) also decreased. Similar results were found in all patients though the timing and magnitude of the changes in Vcw,ei and Vcw,ee were variable.
Breathing Pattern
The average breathing pattern of the 15 patients under various conditions is shown in table 2 and schematized in online supplementary figure E1 (for all online suppl. material, see www.karger.com/doi/10.1159/000346027). Compared with QB, during phonation, VT I and VT E were greater, the inspiratory time (T I ) was shorter and the expiratory time (T E ) longer, with a concurrent increase in VT I /T I . VT I and VT I /T I were especially high during HW (Duncan test, p < 0.01 to p < 0.00001). Neither VT E /T E nor frequency (f) changed significantly during HW. In contrast, VT E /T E and frequency decreased during SI (p < 0.03 and p < 0.01). In general, R and SI showed large changes in timing (p < 0.00001 for both) and driving (p < 0.001 and p < 0.0001, respectively).
Comparison among phonatory tasks showed no difference between R and SI, while HW showed greater volumes compared to R (Duncan test: VT I , p = 0.03; VT E , p = 0.04; VT I • f, p = 0.03), and lower T E (p = 0.03); greater VT E /T E (p = 0.0001), T I /total time (p = 0.04), and VT I • f (p = 0.01) when compared to SI. Gender differences in breathing pattern normalized for VC were as follows: in males, T I and T E were shorter during QB (p = 0.04 and 0.009, respectively), VT E /T E was higher during Table 3 provides the values of Vcw (%VC) during phonatory tasks relative to QB before utterance. During all types of phonation, Vcw,ee of the last expiration (Vcw,ee L ) decreased [see the negative values of Vcw,ee L -Vcw,ee QB (Vcw,ee during QB)] similarly in males and in females. Vcw,ei of the starting inspiration (Vcw,ei S ) did not change during phonation in either gender; however, it was higher and its difference from Vcw,ee QB was larger during HW in females than in males. T E in  table 2 ) from Vcw,ei S to Vcw,ee L . During R, the Vcw,ee L of females was to the left of the MEFV curve, i.e. there was still substantial expiratory reserve volume (ERV) available. In contrast, during SI and HW in females and during all types of phonation in males, the Vcw,ee L was well to the right of the MEFV curve and associated with unpleasant respiratory sensations or fatigue. It should be noted that the values of Vcw,ee L showed substantial interpatient variability in both males and females ( table 3 ) . Also, the Vcw,ee L did not correlate with baseline ERV during phonation (online suppl. fig. E2 ). 
Vcw,ei and Vcw,ee
Kinematics
The compartment values of both Vcw,ei S and Vcw,ee L during phonation relative to QB are depicted in figure 4 . There was a chest wall decrease in end-expiratory volume for all types of phonation in males ( fig. 4 , left panels), with significant reductions in Vcw,ee L which was allocated to the upper rib cage during R, SI and HW and to the abdomen during HW. A decrease in Vab,ee L during phonation resulted in decreased Vcw,ee L during R and HW in females ( fig. 4 , right panels) . The absolute values of the last end-expiratory volume (Vee L ) and the starting endinspiratory volume (Vei S )-Vee L in males were generally higher than in females, probably reflecting the gender differences in size ( table 1 ) .
The average contribution of the three chest wall compartments to Vcw,ee are shown in table 4 . The contribution of Vrc,p (%VT E ), Vrc,a (%VT E ) and Vab (%VT E ) to Vcw,ee did not change (p = 0.94, F = 0.12; p = 0.97, F = 0.08, and p = 0.93, F = 0.13, respectively) during phonation. Nonetheless, in all instances, the contribution of the abdomen was smaller in females than in males. In contrast, the contributions of Vrc,p (during QB and R) and Vrc,a (during QB, R and SI) were higher in females, while no gender difference in terms of RC contribution was found during HW. Figure 5 depicts the average (±SD) relationships of Vcw, Vrc,p and Vrc,a to Vab relative to those of the endinspiratory volume of the start inspiration and the endexpiratory volume of the last expiration (i.e. volume changes between open and closed circles in fig. 1 ) during QB and phonation in males ( fig. 5 , left panels) and females ( fig. 5 , right panels) . The slope (ΔVx/ΔVab, where x is the chest wall or relevant chest wall compartment) of ΔVcw/ΔVab tended to be the same for all phonatory tasks in both genders. By contrast, the decrease in Vab was larger than the decrease in Vrc in males, whereas the decrease in Vrc was larger than that in Vab in females. Finally, neither Vab (%VT E ) nor Vrc (%VT E ) were correlated with VC (liters) (see online suppl. fig. E3 ).
Discussion
This is the first study which assesses the breathing pattern during speech in COPD patients. The novel findings of this study are as follows: (1) patients modified their breathing pattern relative to QB with all types of phonation; (2) breathing was more abdominal in males during all phonatory tasks, but more costal during QB, R and SI in females; (3) Vcw,ei was not significantly different from QB during phonation; (4) respiratory difficulty occurred when Vcw,ee impinged on the MEFV curve during HW and SI, and (5) little or no chest wall distortion was found during phonation in either gender. 
Breathing Pattern
In an earlier systematic study of breathing during phonation conducted in a group of normal young men and women, Binazzi et al. [2] provided a quantitative description of breathing pattern and chest wall kinematics during R, SI and HW of two strophes of a popular Christmas carol for the first time. They found no significant genderrelated differences in breathing pattern during QB and various phonatory tasks when tidal volumes were normalized for VC. On the other hand, in the present study, we found gender differences in breathing pattern, when normalized for VC, as follows: T I and T E were shorter during QB, VT E /T E was higher during R, and VT I • f was higher during R and SI in males ( fig. 3 ). Whether different afferent information from lung and/or chest wall, airway geometry or other mechanical abnormalities dictated gender differences during phonation remains to be defined.
Operational Volumes
Vcw,ee L decreased (see the negative values of Vcw,ee LVcw,ee QB ) in males as well as in females ( table 3 ) in all phonatory tasks. In addition, Vcw,ee L , end-expiratory Vrc,p and Vrc,a of the last expiration were associated with a larger decrease in end-expiratory Vab of the last expiration in males compared to females. In contrast, a decrease in Vcw,ee L was accomplished by a greater decrease in end-expiratory Vrc,p and Vrc,a of the last expiration in females. Vcw,ei S did not change during phonation in each compartment and in either gender, but was higher at HW in females.
The Vcw early in inspiration is accomplished by relaxation of abdominal muscles which contribute to chest wall tidal volume [9, 10] . As shown here ( fig. 4 ) , the null increment of end-inspiratory Vrc and Vab limits the contribution of inspiratory muscles to chest wall VT. This kinematic pattern was more evident during HW when end-inspiratory abdominal VT, as an expression of descent of the diaphragm [9, 10] , tended to be the lowest in males and females.
Phonation is associated with longer expiration and larger volume excursion [1] with lung deflation being accomplished by a decrease in Vcw,ee L as an index of substantial respiratory muscle tension [9] . During maximal phonatory tasks, Vcw,ee L closely approaches the MEFV curves, and the flow required for speech can no longer be sustained because the maximal flows decrease along the MEFV curve [2] . This explains the need for larger ERV and flow reserve for phonation. While healthy subjects can maintain an average airflow rate not above 0.5 l/s [12] , severely obstructed patients may experience difficulty as they are flow limited even at rest [13, 14] . These patients often break speech phrases, probably because they can maintain a flow rate only at higher lung volumes. The progressive expiratory muscle tension results in dynamic airway compression, distortion and collapse that can stimulate upper airway receptors to initiate vagal afferent impulses that contribute to dyspnea [15] . Figure 3 depicts the average V ؒ -V relationship exhibited during phonation by males and females with the corresponding MEFV curve. During SI and HW in females and during all types of phonation in males, the Vcw,ee L was well to the right of the MEFV curve and associated with unpleasant respiratory sensations or fatigue. So, the finding that expiratory flow decreased, regardless of phonatory tasks, suggests a similar expiratory effort or a similar level of attained flow, limiting critical pressure during phonation. When Vcw,ee and the MEFV curve intersect, the flow required can no longer be sustained because the maximal flow decreases along the MEFV curve. This emphasizes the importance of expiratory flow reserve and ERV for phonation. However, as shown here, Vcw,ee L during phonation did not correlate with baseline ERV. This is in contrast with the finding in healthy subjects that the higher the baseline ERV, the greater the reduction in Vcw,ee during phonation [2] . Although the reasons for this dis- crepancy are likely to be complex, the following should be considered. While on the one hand OEP measures gas volumes, thoracic gas compression and blood shift from the thorax to the extremities, on the other hand, errors of measurement with the pneumotachograph may result in spurious increments or decrements in volume measurements. Thus, spirometric measurements, especially expiratory, may not correlate with OEP measurements in patients with varying levels of gas compression and/or blood shifting. Also, the substantial interpatient variability of Vcw,ee L in both males and females ( table 3 ) might play a role.
Chest Wall Kinematics
During phonation, the rib cage and abdomen contributed to the decrease in Vcw,ee in males and females, respectively. When expressed as percentage of expired VT E , breathing was generally more abdominal in males and more costal during QB, R and SI in females ( fig. 4 , 5 ; table 4 ). This was unrelated to the difference in size as shown by lack of a significant correlation between Vab expressed as percentage of expired tidal volume and VC expressed in liters. This finding contrasts with the observation in healthy subjects [2] in whom physical characteristics have greater importance than gender in determining the breathing pattern and chest wall kinematics during phonation.
Rib Cage Distortion
The coordinated action of operating respiratory muscles during exercise explains the low rib cage distortion in healthy subjects [9, 16, 17] . Conversely, nonuniformly distributed pressure on the rib cage, or different values of upper and lower rib cage compliance [18] , might account for constant upper to lower rib cage uncoupling throughout exercise. Unlike paradoxical movements of the lower rib cage at rest [19] , during arm exercise [4] or during whole body endurance exercise [20] , the minimal or null RC distortion during phonatory tasks might be better explained by coordinated activity of the respiratory muscles [17] .
In conclusion, phonation imposes changes in the breathing pattern more abdominal in males and costal in females. Expiratory flow encroaches upon the MEFV curve during higher phonatory efforts, thus engendering the perception of respiratory discomfort.
